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Abstract 
Thermo-fluid systems such as air conditioning and refrigeration systems are widely used 
in residential, commercial, and industrial applications. By the end of the 20" century, 
nearly 70 percent of U.S. households had air conditioning, and 99.5 percent had at least 
one refrigerator. Advanced control and monitoring of the thermo-fluid systems has 
become an inevitable but challenging issue in this century as the energy efficiency has 
become increasingly important. 
Air conditioning and refrigeration systems transport heat by means of refrigerant, 
repeating phase transition, which is a highly nonlinear process. Mixture of vapor and 
liquid refrigerant distributed in heat exchangers makes the process dynamics highly 
complex, including many state variables that are important for stringent control but are 
not directly measurable. 
In this thesis, nonlinear observers for estimating those inaccessible state variables 
are designed and are applied to the control and monitoring of an air conditioning system. 
First heat exchanger dynamics including complex phase transition phenomena are 
analyzed. It is shown that the order of the system varies dynamically depending on the 
distribution of vapor and liquid, which makes the system a varying-order switched 
system. 
Second, a switched observer for the varying order switched system is designed by 
augmentation using real system dynamics. The convergence conditions of the switched 
observer are derived using contraction theory. This observer design is applied to heat 
exchangers of an air conditioning system. The nonlinear observer design of the heat 
exchanger with invariant phase transition is validated by extensive experimental tests 
using a residential air conditioner. For the switched observer of the heat exchanger with 
varying phase transition, simulation validation is conducted by using the parameters from 
the real air conditioning system. 
Finally, this heat exchanger observer is applied to lubrication oil monitoring and 
nonlinear control for the air conditioning systems. A lubrication oil circulation observer 
for estimating oil concentration and oil amount in refrigerant compressors is developed 
based on state observers of heat exchangers. It is validated by experimental tests and can 
be applied directly to residential and commercial air conditioning and refrigeration 
systems to improve reliability of the systems. 
Thesis Committee: Prof. H. Harry Asada (Thesis Supervisor), Dr. James D. Paduano 
(Chair), Prof. Jean-Jacques E. Slotine 
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Chapter 1 
Introduction 
1.1Motivation and Background 
Energy is one of the most critical issues faced by the world in the 21st century. With a 
steady rise in energy demand worldwide, every effort to improve efficiency counts. Air 
conditioning and refigeration systems are a major consumer of energy in all civilized 
countries as well as in countries under development. They are widely used to transport 
and store fiesh foods, and to control climate for adapting the environment to human 
needs. With increasing complexity of air conditioning and refrigeration systems, the 
modeling, control, and monitoring issues have become a challenge for improving energy 
efficiency. 
Air conditioning and refrigeration systems transport heat by means of refrigerant 
phase transition. As illustrated in Figure 1.1, refrigerant takes liquid and vapor phase as 
well as a mixed phase having a mixture of liquid and vapor. Transitions among these 
phases lead to switching of thermophysical properties which is highly nonlinear but is 
characteristic to a broad class of thermo-fluid systems. 
Liquid Node Two-Phase Node Su- Vapor Node 
Figure 1.1 Condenser with three lumped-parameter nodes 
Two-phase heat exchangers are important components in thermo-fluid systems 
such as air conditioners and refigerators. The dynamic models of heat exchangers with 
phase transitions are generally divided into two categories. One is the spatially distributed 
mode1[1,2,3,4]; the other is the lumped-parameter mode1[5,6,7,8,9]. The distributed 
model is often used in the numerical simulation of the thermo-fluid systems due to its 
potential to accurately characterize influences of spatial changes. However, the 
distributed model has a high order which is not suitable for control-oriented applications. 
The lumped-parameter model has a much lower order compared with the distributed 
model, but can portray significant dynamics of the system. Therefore, the lumped- 
parameter model is widely used in the real time estimation and control of thermo-fluid 
systems because of its computational simplicity. 
In the lumped-parameter approach, thermo-fluid systems with phase transitions 
are divided by lumped-parameter nodes based on phase conditions. Each node is 
considered to be lumped in space, having locally uniform states. For example, the 
condenser in Figure 1.1 transits between the superheated vapor phase, the two-phase, and 
the liquid phase. In the superheated section, the temperature of the refiigerant decreases 
as it travels from the inlet toward the two-phaselvapor interface. In the two-phase section, 
the refiigerant temperature is at its saturated value with no spatial variation. In the 
subcooled liquid phase section, the temperature of the refkigerant decreases as it travels 
toward the condenser outlet. Based on this distinction in temperature variation, the 
condenser dynamics are lumped into three nodes: the superheated vapor node, the two- 
phase node, and the subcooled liquid node. Each node has its own states, such as 
refkigemt temperature and wall temperature. As shown in [7], this is a 7&-order system. 
This three-node model must be changed, however, once different phase transition 
occurs. For instance, the condenser transits between the superheated vapor phase and the 
two-phase before the development of the subcooled liquid phase, as shown in Figure 1.2. 
Under this condition, only two nodes can be lumped: the superheated vapor node and the 
two-phase node. This is a s&-order system which can be easily derived fiom the 
evaporator model h m  [7]. 
TWO-Phase Node Superheated Vapor Node 
Figure 1.2 Condenser with two lumped-parameter nodes 
Phase transitions in thermo-fluid systems switch back and forth between Figure 
1.1 and Figure 1.2 under different operating condition as shown in Figure 1.3. 
Accordingly, the dynamic model of this system is also switching between the 7th-order 
and 5th-order model. Shown in Figure 1.4, more complicated varying phase transitions 
exist in heat exchangers during the start-up and shut-down process. As mentioned in [lo], 
a switched system is a dynamical system that consists of a finite number of subsystems 
and a logical rule that orchestrates the switching between them. Therefore, thermo-fluid 
systems with varying phase transition are switched systems with varying order. 
Two-Phase 
Figure 1.3 Condenser with varying phase transitions 
/Vapor Refrigerant 
- Liquid Refrigerant 
or Refrigerant 
Liquid Refrigerant 
B 
Liquid Refrigerant 
Figure 1.4 Phase transition in the evaporator during the start-up process 
The heat exchanger above is one example of thermo-fluid systems and other 
complex systems that need multiple model representations. When reducing a distributed 
model to a control-oriented lumped-parameter model, we often face a similar problem. 
The number of lumped-parameter nodes varies depending on the state of the system and, 
consequently, the order of the system varies. In the case of the heat exchangers of a 
rekigeration cycle, such nodes have distinct dynamics due to diverse phase 
characteristics. The system exhibits complex behavior as a switched multi-model system 
having varying system order. It is therefore important to deal with this class of nonlinear 
systems that cannot be represented by a monolithic model with invariant system order. 
In this thesis, heat exchangers are used as an exemplary case study. However, the 
basic methodology developed in this thesis will be applicable to a broader class of multi- 
node, multi-model switched systems. 
1.2Nonlinear Observers 
In thermo-fluid systems, there are some immeasurable variables such as the lengths of 
refrigerant phase sections which are important for the heat transfer process and reliability 
of the system [l 11. This thesis explores the nonlinear observer design of thermo-fluid 
systems with varying phase transitions to estimate the immeasurable but important 
variables. 
Nonlinear observers have been used in the output feedback control, 
synchronization of complex dynamical systems, and fault detection and isolation [12]. 
Nonlinear observer design is becoming an important field of research with increased 
attention because of improved performance and global convergence and stability 
compared with linear observers. Some methods such as Lyapunov function, linearizations, 
and numerical differentiation have been employed to tackle this problem [13]. More 
recently, contraction theory [14] has been used in solving nonlinear observer design 
problems due to its mathematical feasibility [15, 161. 
However, there is no nonlinear observer design method existing in current 
literature for varying-order switched systems such as thermo-fluid systems with varying 
phase transitions. This thesis is aimed at developing an approach to the nonlinear 
observer design of switched systems of varying order and applying it to the monitoring 
and control of thermo-fluid systems. 
1.30rganization of the thesis 
This thesis is organized as follows. In chapter 2, thermo-fluid systems with varying phase 
transitions are modeled as switched systems when the lumped parameter method is used. 
In chapter 3, the problem formulation is introduced followed by the nonlinear observer 
design for switched systems using contraction theory. The conditions such as continuity, 
contraction, and particular solution are established to guarantee the convergence of the 
nonlinear observer for the switched system of invariant order. The challenging issue 
about the discontinuity of the observer for varying order switched systems is analyzed. 
The augmentation approach using real system dynamics is studied. Several examples are 
presented to validate the augmentation approach. These results are applied to the 
nonlinear observer design of heat exchanger systems in chapter 4. The observer for the 
heat exchanger with invariant phase transition is validated by extensive experimental 
tests using a residential air conditioner. The nonlinear observer design is applied to 
lubrication oil monitoring for air conditioning systems with experimental validations in 
chapter 5. Conclusion remarks are given in chapter 6. 
Varying-Node Switched System Modeling for 
Heat Exchangers 
Two-phase flow heat exchangers have different phase transitions corresponding to the 
operation conditions. In this chapter, the lumped parameter models of two-phase heat 
exchangers containing diverse refrigerant phases are introduced respectively. Then a 
switched model is formulated for the two-phase heat exchangers with varying lumped- 
parameter nodes. 
2.2 Lumped Parameter Model of Two-Phase Heat Exchangers 
As mentioned in Chapter 1, lumped-parameter model is used for real time estimation and 
control of air conditioning and refrigeration systems. Heat exchangers are viewed as the 
most important components in the estimation and control of the air condition and 
refrigeration systems. In the heat transfer research community, steady state models have 
been studied extensively. However, the steady state conditions are almost never reached. 
Therefore, dynamic modeling is needed especially in control applications. 
In the past, several research groups [7,8,9] have studied the dynamic modeling of 
heat exchangers. These studies are based on several assumptions to simplify the model 
into a mathematically tractable form: (1) the heat exchanger is a horizontal tube of 
constant cross-section; (2) the refrigerant flow can be modeled as a one-dimensional fluid 
flow; (3) axial heat conduction is negligible; (4) the pressure drop along the heat 
exchanger tube due to momentum change in refrigerant and viscous friction is negligible. 
The dynamics model of heat exchangers presented in these studies is described in Eq. 
(2.1)-(2.3) based on the mass and energy conservation principles for the refrigerant and 
the energy equation for the tube wall. The momentum equation for the refiigerant is not 
needed because the refiigerant pressure is assumed uniform along the entire heat 
exchanger tube. 
( C , ~ A ) ~  % = ailro.(T, - T~)+ aozD0(~= - TW) 
where p  : density of refrigerant, u :velocity of refrigerant flowing along the heat 
exchangers, P : pressure of refrigerant, h :enthalpy of the refrigerant, D, : inner diameter 
of the heat exchanger tube, Do : outer diameter of the heat exchanger tube, T, : bulk 
temperature of the refrigerant, T, : temperature of the heat exchanger tube wall, a, : heat 
transfer coefficient between the tube wall and the refiigerant per unit area, a, : heat 
transfer coefficient between the tube wall and the environment, T, : the environment 
temperature, ( c , ~ A )  : the thermal capacitance per unit length of the heat exchanger 
W 
tube wall. 
These equations are a set of complex, coupled, nonlinear partial differential 
equations. In the lumped-parameter approach, these equations are integrated over 
lumped-parameter nodes which are selected based on refrigerant phase conditions. Each 
node is considered to be lumped in space, having locally uniform states. For example, the 
heat exchanger in Figure 2.1 transits between the vapor phase and the two-phase. As 
stated before, based on this distinction in temperature variation, the heat exchanger 
dynamics are lumped into two nodes: the vapor node and the two-phase node. Each node 
has its own states, such as refiigerant temperature and wall temperature. 
TWO-Phase Node Vapor Node 
Figure 2.1 Heat exchanger with two lumped-parameter nodes 
The state space model of this heat exchanger can be obtained by integrating Eq. 
(2. I)-( 2.3) over these two nodes respectively. 
- 
4 1  dl2 0 
d21 d22 d23 
where D =  d,, d32 d,, 
0 0 0  
5 1  0 0 
where rir, is the mass flow rate at the inlet, mo is the mass flow rate at the outlet, L, is the 
length of the two-phase section, L, is the length of the vapor phase section. This is a 5& 
order system. A detailed derivation of Eq. (2.4) can be found in [7]. The expressions of 
elements in D are given in Appendix A. 
As introduced in Chapter 1, the phase transitions in the heat exchanger vary with 
the change of the operation conditions. Figure 2.2 shows a heat exchanger with only two- 
phase refrigerant. Only one lumped parameter node is used for the model of this heat 
exchanger. 
Tw+Phase Node 
Figure 2.2 Heat exchanger with two-phase node 
The state space model of this heat exchanger can be derived by integrating Eq. 
(2. I)-( 2.3) over the t w 0 - m  section node. It can also be derived directly from Eq. (2.4) 
by setting 4 = L , L, = 0, and T, = T, L m g  . the - @@ length of the heat exchanger 
tube. Substituting these into Eq.(4), D matrix turns to be sindar. Only two states are 
solvable from the equations, the pressure P and the wall temperature of the two-phase 
node Twl . Other states L, , Twl ,and ho turn out to be functions of P , Twl ,and inputs. 
A detailed derivation of this model can be found in [9]. 
2.3 Switched System Modeling of Heat Exchangers with 
Varying Lumped-Parameter Nodes 
In thermal-fluid systems especially in heat exchangers, different refrigerant phases 
formulate and disappear in the system under different operating conditions. Figure 2.3 
shows different phase transitions in a heat exchanger. The heat exchanger is occupied by 
vapor refrigerant first, then two-phase refrigerant, followed by pure liquid refrigerant. 
Depending on the operating conditions, vapor refrigerant disappears and sometimes two- 
phase refrigerant disappears too. Therefore, the heat exchanger switches among all kinds 
of phase transitions as shown in Figure 2.3. 
Two-Phase vapor 
/ / 
Liauid Two-Phase vapor 
Liquid Two-Phase 
-1 
Liquid 
Figure 2.3 Switching phase transitions in a heat exchanger 
As mentioned before, in the lumped parameter model, lumped nodes are selected 
based on refrigerant phase. Therefore, the number of the lumped parameter nodes for a 
heat exchanger is different. For example, there is one node for the heat exchanger with 
only one refiigerant phase, and two nodes for the one with two refrigerant phases. Each 
lumped parameter node has some state variables associated with it. Hence, different 
numbers of the lumped nodes result in different numbers of state variables of the models. 
Therefore, the dynamic model for the heat exchanger with divers phase conditions 
switches among subsystems with varying order. 
Obviously, the model of the heat exchanger which has three nodes has the highest 
order. When some refrigerant phase disappears, the states associated with it become 
redundant. They may become fixed variable or become a dependent variable. For 
example, as shown in section 2.1, when the vapor phase refiigerant disappears in the 
transitions between the cases shown in Figure 2.1 to Figure 2.2, the number of the states 
of the model changes from five to two. The states associated with the vapor phase 
refrigerant become either fixed values or a function of the remaining states and the inputs. 
For example, the length of the two-phase section is fixed to be equal to the total length of 
the heat exchanger tube. The wall temperature associated with the vapor phase node is set 
equal to the wall temperature associated with the two-phase node. And the outlet enthalpy 
is an algebraic function of the remaining states and the inputs. 
Chapter 3 
Nonlinear Observer Design for Varying-order 
Switched Systems 
In this chapter, the problem of observer design for a generalized switched system with 
varying order is formulated. Convergence conditions of the switched observer are derived 
from contraction theory. Then a design method for nonlinear switched observers with 
varying order is developed based on the convergence conditions. 
3.2 Problem Formulation 
A switched system with varying order is constructed by switching between composite 
subsystems which are of different order. The highest order of the subsystems is n. The 
largest state vector X E Rn comprises measurable and immeasurable variables which are 
elements of a universal set A = {x, ,x,,. . . , x, } . We assume every element in A is 
continuous everywhere. The state equation and output equation of subsystem i are 
described by state vector X E Rn , which consists of a subset of the universal state 
variables; A, c A . State variables in X,  are called active state variables in the i-th 
subsystem domain. For example, Xi = {x, , x, I T  and Ai = {x, , x, } c A . 
The switched system consists of subsystems given by 
where Xi E Rni , yi E Rmi for i = I,. . . , p , Xi is different for different i, and ni is also 
different for different i . The state equation is continuously differentiable and bounded. 
The vector Xlt E Rn-"' has variables which form a complementary set ofAi . For 
T T 
example, if Xi = (xi, x2} , then X,' = {x,, x,, . . . xn . X: is called the inactive state vector 
and the variables in it are called inactive variables. Inactive variables are not independent 
but are dependent on the active state variables. Any inactive variable in a subsystem is an 
algebraic function of active states and inputs of that subsystem: 
Xl' = 4 (xi (t), u(t)) i = 1, . . . , p  (3 -2) 
This algebraic function is assumed to be continuously differentiable and bounded. 
In the case of the heat exchanger described above, the model is switched between 
Eq. (2.4) and Eq. (2.5). The state vector is switched between X, and X2 , where 
Xl = [L, P ho T, TW2lT, and X2 = [ P  T,,]T. If the largest state vector is X = X, , 
then the inactive state vector is X i  = [L, ho Tw,]r . These inactive variables in Xi are 
algebraic functions of the active state variables in X2 and the inputs, 
Xi = [L, ho TW2lT = F2 (P, T, , u) as shown in Eq. (2.5). All these variables are 
continuous everywhere. 
A fixed number of sensors are used for observing outputs in all subsystem 
domains: 
Y = h(X(t), u(t)) (3.3) 
The universal state space is divided into p domains, Dl R n 9  ' = l9 " ' Y  P, associated 
with the p subsystems. It is assumed that switching among the p subsystems is governed 
by an algebraic function of output y. 
i = H ( Y ( ~ ) )  (3 -4) 
The goal of this thesis is to design an observer to estimate the state of switched 
systems described by Eq. (3.1) - (3.4). The challenge is that each subsystem is not only 
highly nonlinear, but also has different system order, i.e., a different number of 
independent state variables. Convergence of the observer state to the true state must be 
guaranteed for an arbitrary countable sequence of switching. 
In thermo-fluid systems, as stated previously, lengths of different phase sections, 
which can not be measured directly, are important variables for the heat transfer process. 
An observer is needed to estimate these variables. This estimation can be used in 
nonlinear control and monitoring of the system. In this thesis, it is assumed that the 
switching time can be detected accurately. Therefore, the observer of the switched system 
can be constructed by the observers for subsystems and several switches as shown in 
Figure 3.1. Observer i corresponds to the observer for subsystem i. Once the switching is 
detected and the system enters fkom subsystem i to subsystem j, the observer is switched 
fkom observer i to observer j correspondingly. 
I b Observer j d- 
I • 
Figure 3.1 Observer structure of switched system 
Therefore, the observer of the switched system is a switched system too. The 
switching of the observer is totally driven by the switching in the real system. The 
convergence of the observer has to be guaranteed for any switching signal driven by the 
real system. Hence, the convergence problem of the observer of the switched system is an 
asymptotical stability problem for arbitrary switching signals. 
Observer i 
3.3 Nonlinear Observer Design for Switched Systems Using 
d- 
Contraction Theory 
3.3.1 Switched System with Invariant Order 
An observer of a switched system is a switched system, consisting of subsystem 
observers associated with individual subsystems of the plant. The stability of switched 
systems having the same system order has been investigated in previous works [lo]. For 
an arbitrary switched system, if there exists a common Lyapunov function for all the 
subsystems, the switched system is stable [lo]. However, finding a common Lyapunov 
function for a nonlinear switched system is difficult, especially for observer design. 
Contraction theory [14] can be used for the stability analysis of switched systems [17] 
and it is more mathematically amenable than Lyapunov theory, especially for observer 
design, as demonstrated in [1 1] and [15]. 
The basic theorem of contraction analysis [14] can be stated as: 
Theorem 1 (Theorem 2 in [14]). Consider a nonlinear system of the form 
~ ( t )  = f (x, t) (3.5) 
where x E Rn is the state vector of the system and f is an n x 1 nonlinear vector 
function that is continuously differentiable. Let O be a square matrix, O E Rnxn . If there 
exists a uniformly positive definite metric 
M(x, t) = OT (x, t)O(x, t) 
which makes 
uniformly negative definite, then all system trajectories converge exponentially to a 
single trajectory. In this case, the system is said to be contracting. 
The proof of this theorem is outlined here. From Eq.(3.5), we have 
where 6x is a virtual displacement between two neighboring solution trajectories, and 
Ama(x,t) is the largest eigenvalue of the symmetric part of the Jacobian. Therefore, if 
Ama(x,t) is uniformly strictly negative, any infinitesimal length 116xll converges 
exponentially to zero. By path integration at fixed time, this implies that all trajectories of 
the system (3.5) converge exponentially to a single trajectory. 
Using a coordinate transformation, 
62 = O6x 
where O(x, t) is a uniformly invertible square matrix, one has 
so that exponential convergence of ll~zllto zero is guaranteed if the generalized Jacobian 
matrix F = (8 + 0 g)0-' is uniformly negative definite. Again, this implies that all 
trajectories of the system (3.3) converge exponentially to a single trajectory. The system 
is called contracting. 
This theorem can be applied to the observer design of nonlinear systems. The 
observer of system x = f (x,t) can be designed as 
i = g(i,t) 
where i E Rn is the estimated state vector, g is an n x 1 nonlinear vector function. 
Contraction theory is used to guarantee that the estimated state in the observer 
(3.6) will converge to the actual state in the system (3.5). Satisfying the conditions in 
Theorem 1 by selecting proper design parameters in g , the observer system i = g(2, t) is 
contracting. If it is contracting, all trajectories of i = g(2,t) converge exponentially to a 
single trajectory, although they may start fiom different initial conditions as shown in 
Figure 3.2. We call this the contraction condition. If the actual state of the 
system x = f (x, t) is a particular solution of the observer dynamics $ = g(2, t) , then all the 
trajectories of the observer starting fiom different initial conditions will converge to the 
particular solution, which is the actual state as illustrated in Figure 3.2. This is called the 
particular solution condition. If both contraction and particular solution conditions are 
satisfied, the estimated state in the observer will converge to the actual states in the 
system. Therefore, the convergence of the observer can be gumanteed by these two 
conditions. 
Actual state trajectory 
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Figure 3.2 Trajectories of the observer dynamics 
In case of switched systems, however, it is known that a system may diverge 
although all the individual subsystems are convergent [lo, 3 11. If the system order varies, 
convergence of the observer is more complex. In an attempt to apply the contraction 
theory to the design of this class of switched observers, consider the following invariant- 
order case first: 
a) The switched system consists ofp subsystems: 
x ( t )=(x , t ) ,  I l i S p  (3.7) 
all of which have the same system order, and share the same state variables; 
x E Rn : Invariant Order. 
b) Every switching among the subsystems can be detected without delay. In other 
words, based on directly measurable states we can detect exactly when the system is 
switched and which subsystem it is switched to: Switching Detection. 
c) At every switching, the state variables are continuous. Let X J ( ~ )  be the state 
vector when the system is in. When the system moves from subsystem j to subsystem i at 
time t,: 
xi(ts)=xj(ts), 1 9 ,  j S  p (3.8) 
d) Individual subsystems are contracting with respect to metrics 
M i  (x, t) = O (x, t)O (x, t) which are equal at any switching time. 
This switched system is contracting for an arbitrary countable switching sequence. 
Appendix B summarizes the proof based on reference [17]. 
This contraction theory can be applied to switched observer design. Fig. 6 
illustrates trajectories of a switched observer starting from different initial states. The 
solid lines represent the observer trajectories when the system is involved in subsystem j, 
while the dotted lines are the ones as it is in subsystem i. One of the trajectories is the real 
system trajectory. Therefore, the particular solution condition is satisfied in this case. 
When the true system is moving from subsystem j to subsystem i, the observer is 
switched from subsystem observer j to subsystem observer i. This switching can be 
performed without time delay due to Eq. (3.4) and the above assumption b), which is 
applicable to the heat exchangers as described later. Note that at every switching the 
continuity of estimated states is maintained. As the individual subsystem observers are 
contracting with respect to metrics Mi (x, t) = aiT (x ,  t)O, (x ,  t) , which are continuous at 
the switching, all the trajectories starting fiom different initial conditions converge to the 
real system trajectory. Namely, the observer of the switched system is convergent. 
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Figure 3.3 Trajectories of a switch observer 
The major difficulty in applying the above contraction theory to the observer 
design for the switched system with varying order is assumption a). The order of each 
subsystem is different since the number of lumped-parameter nodes varies. This varying 
system order makes the continuity assumption in c) and the contraction condition in d) 
invalid for the observer. The following section addresses this issue. 
3.3.2 Switched System with Varying Order 
Consider a subsystem observer where only active state variables are estimated 
based on the following dynamic equation: 
ii = &(ii ( t ) ,u i ( t ) )+~,  (y-h($(t),u(t))) i = 1, . . . , p  (3.9) 
where i, E Rni is the estimated state vector for each subsystem, ti is different 
for different i, ni is also different for different i . Based on the estimated active state 
variables, the inactive variables of the subsystem may be obtained directly fiom the 
algebraic equation (3.2): 
ii ' = 4 ( ii (t),  u(t )) 
One problem with this observer design is that the above inactive variables are in 
general not continuous at the switching time although the state of the real system is 
continuous. The main reason is that the estimated states have not yet reached the real 
state at the switching moments. The following example illustrates this. 
Example 1 :  A linear switched system with varying order is switching between the 
following two subsystems 
x1 = A(xl, t)  = - 0 . 5 ~ ~  
Subsystem 2: Y = XI 
x2 = f2(x1) = 4 . 3 3 5 2 ~ ~  
The real system starts with subsystem 1 with the initial conditions {;} = {:} 1t
is switched from subsystem 1 to subsystem 2 after 0.3 seconds. Before that switching 
moment, the state values are {:;} = {:::9 fbllowing subsystem 1 dynamics. After that 
0.56 0.56 
moment, the state values are { x l + }  = { } = { } following subsystem 2 
X2,+ 4.3352 * 0.56 2.42 
dynamics. The state variables are continuous just like any real physical systems, although 
the dynamics are switched. 
Following Eq. (3.9) and (3.1 O),  the observer for the switched system is designed 
Observer 1: i=1 - 3  
i1 = -0.5i1 +0.1(xl -13,) Observer 2: 
i2 = 4.3352?1 
Observer 1 and 2 correspond to the observer for subsystem 1 and subsystem 2. 
They are both stable systems. The observer starts with observer 1 with the initial 
conditions (21 = pf} . After 0.3 seconds, the switching is detected fmm the real 
system and the observer is switched to observer 2. Before that switching time, the 
-0.15 
estimated state values are {:;I = { 2.47 } following observer I. However, after that 
-0.15 -0.15 
switching time, the estimated values are { +  = { } = { } following 
X2,+ -0.15*4.3352 -0.66 
observer 2. The estimated value of x 2  is not continuous although the real value of x 2  
continues in the system. This is because the estimated values of XI and x 2  have not yet 
reached the real values at the switching time. After the switching, x 2  has to follow the 
algebraic equation. This algebraic equation makes the real value of x2 continuous at the 
switching moment. However, the estimated value of x 2  is not continuous as expected. 
This discontinuity is clearly illustrated in Figure 3.4. 
Observer (Subsystem2) x 1 
without augmentation 
Figure 3.4 State space trajectories of the system and observer 
If the continuity condition can not be satisfied, the estimation error could be 
increased at the switching time due to discontinuity as shown in Figure 3.5 for this 
example. 
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Figure 3.5 Estimation error of switched observers with varying order 
As shown in Figure 3.6, the real system trajectory starting from the real initial 
conditions is continuous. However, the distances between the real state trajectory and 
other trajectories of the observer might increase at the switching time if other trajectories 
of the observer are not continuous. Therefore, the discontinuity at the switching time may 
destroy the convergence of the observer for the switched system, even though the 
observer for each subsystem is convergent. 
Discontinuity at the switching time creates difficult problems to guarantee 
convergence of the observer. To our knowledge, stability of discontinuous nonlinear 
switched systems has not yet been fully developed in the switched systems literature. An 
alternative to the above observer design is to modify the algebraic relationship between 
the estimated active and inactive variables so that continuity is maintained. 
Trajectories of the 
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Figure 3.6 Discontinuous trajectories of switched observers 
3.4 Nonlinear Observer Design for Varying-Order Switched 
Systems by Augmentation Using First Order Damping Systems 
As mentioned previously, the contraction condition can not be satisfied if the subsystems 
have different orders which result in metrics M i  (x, t) with different dimensions. And the 
discontinuity of the estimation results fiom the mismatch of the estimated inactive states 
at the switching time which is also caused by the varying order of subsystems. If the 
algebraic equations for the inactive states can be changed into dynamic equations just like 
the active states, the estimation will turn into continuous for all variables, and metrics 
M i  (x,t) will have the same dimension. Basically, a varying-order switched system turns 
to a switched system with the same order. Therefore, the contraction analysis presented in 
section 3.3.1 can be applied. 
A fist  order damping system similar to proportional feedback control can turn 
algebraic estimations (3.10) for the inactive states into dynamic ones. It is given as 
k,(t),u(t))-2;) 
Combining Eq.(3.9) and (3.1 I), the estimation of both the active state vector and 
the inactive state vector is continuous, and metrics Mi (x, t) will have the same dimension 
before and after the switching. However, the particular solution is not always satisfied by 
the estimation equation (3.1 1). 
Substituting 2, = Xi and tif = xif into (3.1 I), we obtain 
Taking the time derivative of both sides of Eq. (3.2), we obtain 
xif = '4(Xi,u) -2, + ae(X,,u) .* 
ax, a~ 
It is obvious that Eq. (3.12) and (3.13) are only consistent when aF; (Xi , u)  = 0 
ax, 
and al;; (Xi, u) = O .  If ae(X,,u) and are not equal to zero which occurs in 
du axi du 
most of the cases, the real system Eq.(3.13) is not a particular solution of the observer 
Eq. (3.1 1). As a result, the convergence of the switched observer can not be guaranteed 
as shown in Example 2. 
Example 2: A linear switched system with varying order is switching between the 
following two subsystems 
Subsystem 1 : [ i = f ( x , t ) = [ ~ y  :Ix 
x1 = A(x,,t) = -lox1 
Subsystem 2: Y = XI 
x2 = f2(xI) = 4.3352~~ 
The real system starts with subsystem 1 with the initial conditions {;} = (3 1t 
is switched fiom subsystem 1 to subsystem 2 after 0.3 seconds. 
The observer for subsystem 1 can be designed as identical to the one in Example 1 : 
Observer 1 : i = [-: - -i]i + {:I(% - 
It is a contracting system with respect to M = (A a* 
Following Eq. (13), the observer for subsystem 2 is given as: 
4 =-lo& +0.1(+ -il) 
Observer 2: - 
The eigenvalues of the symmetric part of the Jacobian matrix of observer 2 are 
A, = -20.44 1 7 and 4 = -0.7583 . Therefore, it is also a contracting system with respect to 
M = ( ) Therefore, the contraction assumption is satisfied. The continuity condition 
can be satisfied by using a dynamic equation instead of the algebraic equation for the 
estimated variable xz in the observer design of subsystem 2. 
Figure 3.7 shows the estimation error of the switched observer which is 
continuous. 
Time(s) 
Figure 3.7 Estimation error of switched observer with varying order 
Although the continuity assumption is satisfied, the estimation error is increased 
after the first switch. This is because the particular solution condition is not satisfied in 
the observer for subsystem 2. The observer dynamics for i2 is 
i2 = -k(2, - 4.33522,) 
It seems that 2, + 4.335212, as t + 00 which satisfies the algebraic equation of 
the real system x2 = f, (x, ) = 4.3352~~ . However, x2 = 4.3352x, is not a particular 
solution of i2 = -k(2, - 4.33522, ) . Substituting 2, = xl and i2 = x, into 
i2 = -k(i2 - 4.33522,) , we get x2 = 0 which is not consistent with x2 = 4.3352~~ from 
the real system. Therefore, the particular solution condition is not satisfied by this 
observer design. We need a new method to augment the dynamics in order to satisfy all 
the assumptions and particular condition at the same time. 
3.5 Nonlinear Observer Design for Varying-Order Switched 
Systems by Augmentation Using Real System Dynamics 
In order to maintain continuity, the algebraic relationship (3.2) is replaced by a 
dynamic process. In other words, those estimated inactive variables are kept "alive" 
within the observer. In this approach, the real system dynamics are augmented by 
additional dynamics of inactive variables. As illustrated in Example 2, a frst order 
damping system (3.1 1) for the inactive states also does not work because the particular 
solution condition is not satisfied. In this section, a new augmentation approach is 
proposed. By this augmentation, the varying-order switched system turns into the 
switched system with the same order which makes the continuous condition satisfied. In 
this approach, instead of Eq. (3.11), the real system dynamics of the inactive state 
variables (3.13) are used for the augmentation to satisfy the particular solution. 
Combining Eq. (3.1) and (3.13), the switched system can be written in this form: 
where X = {:,I.
Based on Eq. (3.2), and (3.14), the observer for the subsystem system is designed 
as 
I i = l , , p  (3.15) i; =a4(*'ui).f;(ki,t)+aq(ki'u).ri,+K,I a ! ,  du 
where ki E Rni ,kit E Rnl are the estimated active and inactive state vectors respectively. 
Suppose that the system was in subsystem j until switching time t, and that it 
moves to subsystem i at t,. The initial condition for the above subsystem observer i, 
which kicks in at t ,  is given by 
Note that the above condition assures the continuity of both active and inactive 
variables. 
This observer design can be derived and implemented in an intuitive way by 
introducing a vector e for the mismatch of the inactive states at the switching time. The 
estimation of the inactive states is given by 
where the dynamics of e is given by 
e +  K,!e = 0 
and the initialized to make the inactive states continuous at the switching time. 
Therefore, the observer dynamics for the inactive variables are obtained from the time 
derivative of Eq. (3.17), which is the same as the observer dynamics for i,' in Eq.(3.15). 
Substituting 2, = Xi and 2; = x,' into (3.14), we obtain 
- 
~F;(%U) .~ +-
ax, du 
- de(X,9u) -A(X,,t) + aF; (X i ,  u) m u  
ax, du 
i 
As we can see, Eq. (3.20) is consistent with Eq. (3.14). Therefore, X = {;!I 
which is a solution of the real system (3.14), is a particular solution of the observer (3.15). 
The continuity and particular conditions are satisfied by this observer design. The 
contraction condition of the observer dynamics is satisfied if the individual observers in 
Eq. (3.15) are contracting with respect to metrics M, (X, t) which are equal at the 
switching times. This condition can be satisfied with a proper selection of the observer 
gains $ and K,' in Eq. (3.15). Example 3 shows an example of this approach. 
Example 3: The same switched system as Example 1 is used here. A new observer is 
designed for subsystem 2 based on the augmentation using the real system dynamics as 
shown in Eq. (3.15). 
il = -0.52, + 0.1(x1 - tl) 
Observer 2: . 
13, = -0.5 * 4.3352i1 + k, (4.3352i1 - i2) 
Figure 3.8 shows the trajectories of the real system and the observer. It can be 
seen that the trajectories are continuous and contracting. 
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Fig. 3.8State space trajectories of the system and observer with augmentation 
Figure 3.9 shows the estimation error. It is continuous and keeps decreasing to 
zero after two switches. 
Estimation Error 
Figure 3.9 Estimation error of switched observers with varying order after 
augmentation by real system dynamics 
Nonlinear Observer Design of Two-Phase 
Heat Exchangers with Simulation and 
Ex~eriment Validation 
4.1 Introduction 
In this chapter, the nonlinear observer design for the switched system proposed in 
Chapter 3 is applied to two-phase heat exchangers with varying phase transition. As 
shown in Figure 3.1, the switched observer for a switched system consists of observers 
for its subsystems which are heat exchangers with invariant phase transition. Therefore, 
we first study the heat exchangers with invariant phase transition. Nonlinear observers for 
these heat exchangers are designed with the convergence guaranteed by contraction 
theory. Simulation and experiment validation follows. Then we discuss the cases of heat 
exchangers with varying phase transition. A switched observer is designed satisfying the 
convergence conditions derived in Chapter 3. Due to the complexity of the varying phase 
transition scenario, the experiment testing is infeasible under available experiment 
conditions. Therefore, simulation validation with real system parameters is conducted for 
the switched observer. 
4.2Nonlinear Observer Design for Heat Exchangers with 
Invariant Phase Transition 
4.2.1 Model 
A heat exchanger, specifically an evaporator with invariant phase transition is discussed 
in this subsection. Under normal operating condition, the evaporator has two-phase 
section which is substantially longer than the vapor phase section. Therefore, a simplified 
model is used. A diagram of a low-order evaporator model is illustrated in Figure 4.1. 
' i n  ' o u t  
Figure 4.1 .A diagram of a low-order evaporator model 
T,(Q is the evaporating temperature, LI(ij is the length of the two-phase section. 
Tw(t) is the wall temperature of the tube. Ta is the room air temperature. m, and m, are 
the inlet and outlet refrigerant mass flow rates, respectively. q(Q is the heat transfer rate 
from the tube wall to the two-phase refrigerant. qa is the heat transfer rate ffom the room 
to the tube wall. It is assumed that the two-phase section has invariant mean void fraction 
It can be assumed that the evaporator tube wall temperature along the two-phase 
section is spatially uniform. Then the energy balance equation of the tube wall is given by: 
where c,  is the specific heat of the copper tube, p is the density of copper, A is the cross 
section area of the copper tube; Do is the outer diameter, Di is the inner diameter, a, is 
the heat transfer coefficient between room air and the tube wall, and a, is the heat transfer 
I 
coefficient between refrigerant and the tube wall. 
The first term on the right hand side of Eq. (4.1) represents the heat transfer rate 
per unit length fiom the room to the tube wall. The second term represents the heat 
transfer rate per unit length fiom the tube wall to the two-phase refrigerant. 
Assuming the mean void ffaction is invariant or changes very slowly compared 
to the state variables, the liquid mass balance equation in the two-phase section of the 
evaporator is 
where p, is the refrigerant saturated liquid density, q is the heat transfer rater between 
the tube wall and refrigerant in the two-phase section, x,  is the inlet vapor quality, and 
min is the inlet refrigerant mass flow rate, hlg = h, - h, ( h, and h, are refrigerant 
saturated liquid and vapor specific enthalpies). 
In Eq. (4.2), the left hand side is the liquid mass change rate in the evaporator. On 
the right hand side, q 1 hlg represents the rate of liquid evaporating into vapor, and 
min (1 - x, ) is the inlet liquid mass flow rate. 
The vapor mass balance is considered in an evaporator. The inlet vapor mass 
flow rate is minxo , and the outlet vapor mass flow rate is mour when superheat is present. 
The rate of vapor generated from liquid during the evaporation process in the two-phase 
section is q / hlg . The time rate change of vapor mass should be equal to the inlet vapor 
mass flow rate plus the rate of vapor generated from liquid minus the outlet vapor mass 
flow rate. Assuming that the vapor volume is much larger than the liquid volume in the 
low-pressure side, we can obtain the vapor mass balance equation in an evaporator. 
where Mv is the total vapor mass of the low-pressure side and V is the total volume of the 
low-pressure side, p, is the saturated vapor density of refrigerant in a function of 
evaporating temperature T,. 
Therefore, Eq. (4.3) can be written as 
where k = V dp,(T,) 
dT, 
Based on Eq. (4.1), (4.2) and (4.4), the state space representation for the low 
evaporator model is given below, where T,, LI and Tw are the three states of the model, 
and T,, mi,, and m,, are the inputs to the system. 
Eq. (4.5) shows that the evaporator dynamics are nonlinear. Specifically, the 
nonlinearity comes fiom the bilinear b t i o n  of Ll and Tw- T,. 
For the nonlinear feedback linearization control of HVAC systems we will 
discuss in Chapter 5, the heat transfer rate of evaporators must be estimated because no 
direct measurement or estimation is available. Based on the knowledge of Te, Ll and T, , 
the heat transfer rate q can be calculated using 
Q = q l ~ 4 l L l  (Tw - T, )  (4.6) 
Because only Te can be easily measured using a thermal couple, our task is to 
design an observer to estimate the value of the length of two-phase section Ll and the 
wall temperature Tw. 
4.2.2 Observer Structure 
In this subsection, we discuss nonlinear observer design to estimate the length of the two- 
phase section and the wall temperature Tw dynamically for an evaporator with two-phase 
section and vapor phase section. 
The following dynamics of the non-linear observer are proposed based on the 
low-order system model Eq. (4.5). 
where fe, 4 and fw are dynamic estimations based on the proposed observer, and T, is 
the actual sensor measurement. kl, kz, and k3 are the observer gains. The first part of the 
observer utilizes the nonlinear model for evaporator, and the second part is the feedback 
compensation based on the error between the measured evaporating temperature and the 
estimated value. 
Figure 4.2 shows the evaporator dynamics and the observer structure. 
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Figure 4.2 Observer Structure 
As mentioned in section 3.3.1, the observer is convergent if the particular solution 
condition and contraction condition are satisfied. From the proposed observer dynamics 
Eq. (4.7), we can see that if is equal to T,, the observer dynamics are the same as the 
system dynamics Eq. (4.5). So the actual states which are the solutions of this set of 
equations are particular solutions of the observer. Therefore, the particular solution 
condition is satisfied. If the Jacobian matrix of the observer dynamics is uniformly 
negative definite, the contraction condition will be satisfied. 
4.2.3 Negative Definiteness of Jacobian 
The Jacobian matrix for the observer system is as follows 
where 
B, = (C,pA), 
B2 = rDoao 
B3 = rDiai 
B, = p , ( l - T ) A  
The symmetric part of the Jacobian matrix is as follow: 
(4.9) 
According to contraction theory, if the eigenvalues of this matrix are all negative, 
then the system is contracting. By looking at the characteristic equation 
A3 + a, A2 + a, A+ a, = 0 , if a, >O and a, a, - a, >O, the eigenvalues are all negative. This 
gives us a criterion to guarantee the contraction of the observer dynamics. The criterion is 
that these two conditions a, >O and a,a2 -a, >O have to be satisfied at any point in 
certain region with given observer gains k], k2 and k3. This region is called contraction 
region for the observer. 
First, we assume all the parameters are constant. By choosing the observer gains 
kl=5, k2=3, k3=l, for constant BI, Bz, B3 and B4 with the parameters choosing under the 
normal condition, the contraction region off and fw - f in which a, >O and a,a2 - a, >O 
are satisfied is the green parts as shown in Figure 4.3. 
Figure 4.3 Contraction region for k1=5, k2=3, k3=l 
Therefore, it can be concluded that for any X E D  , where 
D = (0 c x, c L, 0 c x, c 40) as shown in Figure 4.3, the observer dynamics is 
contracting. Here, x, = i , x, = fw - and L is the total length of the evaporator. 
4.2.4 Simulation Validation 
The observer design was evaluated by a simulation using MATLAB. In this simulation, 
constant parameters are assumed. For comparison, a standard linear observer is used for 
the linearized model of the evaporator. Around some operation point, the linearized 
model of the evaporator is given by: 
The operation point used in the standard linear observer is chosen to be the same 
as the initial condition of the nonlinear observer. Figure 4.4a,b and c show that the 
nonlinear observer states converge to the actual states of the system. However, the linear 
observer states do not converge to the actual states. This is because the standard linear 
observer for the linearized model can only guarantee the convergence of aT,, aT, and 32 
but not T,, Tw and I. The error has two sources. The fmt source is the linearization of the 
model, which is an approximation of the system at small vicinity around the operation 
point. The second source of error is the estimation of the operation point. The standard 
linear observer for the l i n m  model is not initial condition forgotten which makes the 
nonlinear observer necessary in this application. 
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With the three trajectories converging in the nonlinear observer, it is expected that 
the value of heat transfer rate q also converge to the real value of q as shown in Figure 
4.4d. This estimated heat transfer rate will be used in the feedback linearization control 
which will be discussed in next chapter. 
Time@) 
Figure 4.4d. Convergence of q 
4.3Experimen tal Validation 
4.3.1 Experiment Setup 
Experiments have been conducted to verify the evaporator observer design for the 
invariant phase tramition cases. The test equipment is a 2.8kW split type air conditioner 
for residential applications. A schematic diagram of the testing machine is shown in 
Figure 4.5. It consists of two heat exchangers (evaporator and condenser), compressor, 
expansion valve, accumulator, liquid and gas lines. The machine is equipped with 
variable speed compressor and electronic expansion valve. As shown in Figure 4.5, under 
normal operation conditions, the evaporator has two-phase section and superheated vapor 
section and the condenser has subcooled liquid section, two-phase section and vapor 
section. Most of the evaporator and condenser are occupied by two-phase refrigerant. 
Expansion Valve Compressor 
Liquid Line G ~ S  Line 
Figure 4.5 A diagram of the testing machine 
Figure 4.6 shows the positions of the eight thermo couples in the tube of the 
evaporator. There are pressure sensors located at the inlet of the evaporator and gas line. 
Figure 4.6 Thermal couples in the evaporator tube 
4.3.2Experimental Testing for Heat Exchangers with Invariant Phase 
Transition 
4.3.2.1 Experiment Testing under Normal Operating Condition 
In this subsection, we discuss the experiment testing under normal operating condition. 
The states are changed from one steady state to another steady state. 
The initial operating conditions are listed: 
Outdoor temperature: 3 5C; 
Indoor temperature: 20C; 
Compressor Speed: 70Hz; 
Electronic Expansion valve: 15 Steps; 
Indoor fan speed: 1250rpm; 
Outdoor fan sped: 630rpm 
Then the outdoor temperature was changed from 35C to 27C. The room 
temperature T, and evaporating temperature T, were measured. The observer design 
described in section 4.2.2 is used with the measurement data from the sensors. Parameters 
such as the heat transfer coefficients are assumed to be constant in this case because the 
operating condition did not change a lot. The contraction region can be obtained as 
shown in section 4.2.2 for the chosen observer gains. Figure 4.7 shows the structure of 
the observer for the experiment. 
Figure 4.7 Observer structure with experiment data 
Figures 4.8 and 4.9 show the experiment data of the outdoor air temperature and 
the mass flow rate from the compressor. 
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Figure 4.8 Experiment data of outdoor air temperature 
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Figure 4.9 Experiment data of the mass flow rate from the compressor 
Figure 4.10a shows the comparison of the various determinations of the 
evaporating temperature Te. The measured evaporating temperature Te is fiom the 
temperature sensor. The simulated Te is obtained fiom simulating the evaporator 
nonlinear dynamics Eq.(9) with the initial conditions set equal to the experimental data. 
The observed Te (fe) is from the observer for the evaporator shown in Figure 4.7. It can 
be seen that the estimates of Te from the observer match very well with the experiment 
measurements. The results from the evaporator nonlinear dynamics simulator are also 
shown in Figure 4.10a. There is some discrepancy between the simulated results and the 
measured data. It results from the model error of the simulator. However, there is a 
feedback term in the observer structure as shown in Figure 4.7 which can compensate for 
the model error. It can be seen that the estimated Te fiom the observer is much closer to 
the experiment data than the simulated T, from evaporator model. And from the 
contraction theory, initial conditions of the observer dynamics are forgotten. Although 
the observer starts with the different initial conditions, its states converge to the 
experimental data very quickly. Figure 4. lob and Figure 4.10~ show the results for the 
wall temperature and two-phase length. The observed values are compared with the 
values from the evaporator model simulator because there are no measurements for these 
two variables. There are some small discrepancies between the observed results and the 
simulated results. They may derive from the model error of the model simulator. 
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Figure 4.10a Comparison of the evaporating temperature 
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4.3.2.2 Experiment Testing during Start-up Process 
In previous section, the experiment testing was conducted from one steady state to 
another. The phase transition in the evaporator was invariant. The parameters were kept 
constant in the observer. In this section, the experiment was conducted during the start-up 
process. The phase transition in the evaporator was more complicated in previous case 
and the parameters were time-varying due to dramatic change of the mass flow rate. 
During the start-up process of the air conditioner, the phase transition in the 
evaproator is unknown. However, it can be is detected by temperature and pressure 
measurements and refrigerant properties. Figure 4.11 shows the relation of the 
temperature and enthalpy of water under certain pressure. 
Liquid Phase u 
vapor 
Figure 4.1 1 Temperature-enthalpy change of water at 14.7 psia surrounding pressure [28] 
It can be seen that under certain pressure, the saturation temperature is constant. 
The material is liquid if the temperature is below this saturation temperature. It is vapor if 
the temperature is above this temperature. This property is used to analyze the phase 
condition in the heat exchanger. The refrigerant saturation temperature is a function of 
the refrigerant pressure only. Therefore, the refrigerant saturation temperature in the heat 
exchanger can be obtained fkom the pressure measurement based on the refrigerant 
properties. If the refrigerant temperature at the end of the heat exchanger is lower than the 
saturation temperature, the refrigerant is in liquid phase. If it is equal to the saturation 
temperature, then the refrigerant is in two-phase. If it is higher, then it is in vapor phase. 
If the refiigerant phase conditions are known at the both ends of the heat exchanger, the 
phase transition in the heat exchanger is known. 
At the very beginning of the start-up process, for example, in the first 30 seconds, 
the refrigerant in the evaporator has been pumped out by compressor and goes to the 
condenser quickly. This is a very dramatic change and the turbulence flows exist in both 
condenser and evaporator. The sensor measurements are not reliable under such dramatic 
changing. Therefore, the first 30 seconds of the start-up process are not considered. 
Figure 4.12 shows the experiment data of the compressor speed, valve opening. 
As mentioned before, the fmt 30 seconds after the compressor starts up are not 
considered in this report. All of the plots showed after Figure 4.12 are the measurements 
30 seconds after the compressor started up. Figure 4.13 shows the outdoor temperature 
and indoor temperature. 
30 Seconds 
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Figure 4.12 Compressor speed (Hz) and valve opening (step) 
Figure 4.1 3 Outdoor temperature and indoor room temperature CC) 
There are two tubes in this evaporator. Figure 4.14 and Figure 4.15 show the 
temperature measurements in the two tubes of the evaporator. The flow behaviors in 
these two tubes are a little bit different as shown in Figure 4.14 and Figure 4.15.The third 
temperature sensor in tube 2 does not work. Therefore, there is no measurement available 
at that point. 
Figure 4.14 Temperatures mqured in tube 1 of the evaporator ( O C )  
Figure 4.15 Temperatures measured in tube 2 of the evaporator ( O C )  
In order to analysis the phase condition in the evaporator, the measurement 
information of the pressure at the inlet of the gas line is transferred to the saturation 
temperature according to the refrigerant properties. If the pressure in the evaporator is the 
same everywhere, the saturation temperature of the refrigerant should be the same. 
Therefore, in the two-phase section of the evaporator, the temperature measurements 
should be the same. However, the saturation temperature along the tube should be 
decreasing and reaching the lowest point at the outlet of the evaporator due to the 
pressure drop in the evaporator. 
As seen in Figure 4.14, the temperatures measured in tube 1 are decreasing 
consistently fiom the measurement point 1 to 8. The temperature at point 8 is close to but 
higher than the saturation temperature at the inlet of the gas line. It can be concluded that 
the refrigerant is in two-phase in tube 1. However, the temperatures measured in tube 2 
are decreasing from measurement point 1 to 7 and increasing from measurement point 7 
to 8. It can be concluded that tube 2 has two-phase section and superheated vapor section. 
This experiment data not only tells us the phase condition in the heat exchanger, 
but also tells us the development process of the two-phase section in it. The bounds of the 
two-phase length in the heat exchanger can be estimated in the start-up process h m  the 
experiment data. 
Figure 4.16 is a zoom in plot of the temperatures measured in tube 1 of the 
evaporator. The development of the two-phase section in tube 1 can be observed from the 
temperature measurements. At the start point, the temperature at point 1 is much lower 
than the temperature at point 2. It can be seen that in 8 seconds the temperature at the 
point 2 merges to the temperature at point 1. Only under saturated condition, the 
refrigerant temperature can be the same at different points of the heat exchanger because 
of the heat transfer with the tube. This means that the two-phase section reaches point 2 
at that moment in tube 1. According to the observation from the data, the two-phase 
section reaches point 3 in 14 seconds, point 5 in 16 seconds, point 6 in 19 seconds and 
point 8 in 30 seconds in tube 1. Figure 4.17 is a mom in plot of the temperatures 
measured in tube 2 of the evaporator. Similar with tube 1, the two-phase section reaches 
point 2 in 11 seconds, point 6 in 22 seconds and point 7 in 40 seconds in tube 2. 
Figure 4.16 Zoom in plot of temperatures measured in tube 1 of the evaporator ( O C )  
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Figure 4.17 Zoom in plot of temperatures measured in tube 2 of the evaporator ( O C )  
.d 
the position of the temperature sensors, the development of the two phase length can be 
estimated. As said above, the two-phase section reaches point 2 in 8 seconds in tube 1. 
However, in tube 2, the two-phase section reaches point 2 in 1 1 seconds. Therefore, at the 
8" second, the two-phase section length in tube 1 is the distance from the inlet to point 2. 
In tube 2, the two-phase section is between point 1 and point 2. By adding these two 
lengths, we can get an upper bound and a lower bound of the two-phase section length at 
the 8" second. Similarly, the bounds of the two-phase section lengths at other time 
instants are obtained as shown in Figure 4.1 8. 
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Figure 4.18 Two-phase length estimated from the experiment data (m) 
The two-phase length estimated from the experiment is not very accurate because 
it is estimated fiom the temperature measurements instead of direct measurement of the 
length. Only a bound of the two-phase length can be obtained from the experiment data 
due to the discrepancy of these two tubes in the evaporator. Actually, the temperature in 
the two-phase section is not constant due to the pressure drop. However, there is no direct 
measurement of the two-phase length. This is the first time that the two-phase length is 
estimated fiom experiment data and used for the comparison with the observer results. 
According to the experiment data analysis, for the evaporator, one tube is in two- 
phase condition, the other one has two-phase and superheated vapor sections. The 
mechanism of this phenomenon is not clear yet. It may result from different mass flow 
rates in these two tubes. However, there are no exact measurements of the mass flow 
rates in these two tubes respectively. These two tubes have to be considered as a whole 
which have superheated and two-phase sections. Therefore, the model presented in 
section 4.2.2 is still applicable for this case. 
Figure 4.19 shows the nonlinear observer structure for the evaporator with the 
experiment measurements in the start-up process. The heat transfer coefficients, latent 
heat and inlet vapor quality are time-varying. It is not feasible to find the analytical 
results of the contraction condition to this time-varying Jacobian matrix. Therefore, at 
each time step of the simulation of the observer dynamics, these two conditionsa, > 0 
and a,a, - a, > 0 have to be checked to guarantee the convergence of the observer for the 
start-up process. 
Figure 4.19 Observer structure with experiment data and time-varying parameters 
The initial condition such as the two-phase length of the heat exchangers cannot 
be measured. It cannot be derived from the steady state equations of the heat exchanger 
because the heat exchanger is not in steady state during the start-up process. Therefore, 
the simulator of the heat exchanger does not work because of the lack of the initial 
condition. Hence, the observer results are compared with the experiment results in Figure 
4.18. 
Figure 4.20 to Figure 4.22 present the results of the evaporator observer. It can be 
seen in Figure 4.20 that the observed evaporating temperature converges to the 
experiment measurement very quickly. Figure 4.21 and Figure 4.22 indicate that 
superheated section occupies most part of the evaporator at the very beginning of the 
start-up process. With the development of the two-phase section, the most part of the 
evaporator is occupied by two-phase refrigerant. Figure 4.22 shows the comparison of the 
observed two-phase length with the estimated two-phase length fiom the temperature 
experiment data as shown in Figure 4.18. There are some discrepancies at the beginning. 
This results fiom the dynamic model we use which assumes the two-phase section 
occupies most part of the evaporator. However, the development trend of the two-phase 
length matches with the experiment data especially after 10 seconds when the assumption 
is valid. Figure 4.24 and Figure 4.25 indicate that the observer gains used for the 
evaporator satisfy the two conditions at each time step. Therefore, the observer dynamics 
is contracting and the observer states are converging to the actual states. 
Ewporatilrg Temperature 
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Figure 4.21 Observed superheated phase length in the evaporator 
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Figure 4.22 Observed superheated phase length in the evaporator 
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Figure 4.23 tl, = a,a, - a, for the evaporator observer at each time step 
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Figure 4.24 A, = a, for the evaporator observer at each time step 
4ANonlinear Observer Design for Heat 
Varying Phase Transition 
Exchangers with 
4.4.1 Switched Observer Design Structure 
The augmentation approach to observer design for the switched system with varying 
order proposed in section 3.5 is applied to the heat exchanger with varying phase 
transitions presented in chapter 2. As mentioned before, estimation is needed for some 
important variables such as the lengths of different phase sections in the heat exchanger. 
Various phase transitions occur in an actual heat exchanger, needing diverse 
combinations of lumped-parameter nodes for modeling the switched dynamics, as 
mentioned previously. In the following, however, only two types of subsystems are 
considered. 
Subsystem 1 : two-phase section + superheated vapor section 
Subsystem 2 : only two-phase section 
The observer structure for this example is shown in Figure 4.25. Observer 1 is 
designed for the heat exchanger when it has a two-phase section and a superheated vapor 
phase section, which is subsystem 1, and observer 2 for subsystem 2. Once the switching 
happens in the real heat exchanger system, the observer is switched at the same time. 
Subs stem Observer 1 
,-I i j kii-, I 2 nodes I 
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Figure 4.25 Switched Observer for a heat exchanger 
The switching in the real system is detected by temperature and pressure 
measurements and refrigerant properties as shown in Figure 4.11. The refrigerant 
saturation temperature is a function of the refrigerant pressure only. Therefore, the 
refrigerant saturation temperature in the heat exchanger can be obtained fiom the pressure 
measurement based on the refrigerant properties. If the refrigerant temperature at the end 
of the heat exchanger is lower than the saturation temperature, the refrigerant is in liquid 
phase. If it is equal to the saturation temperature, then the refrigerant is in two-phase. If it 
is higher, then it is in vapor phase. If the refrigerant phase conditions are known at both 
ends of the heat exchanger, the phase transition in the heat exchanger is known. The 
switching of the phase transition in the heat exchanger is detected by this approach. 
4.4.2 Observer for Subsystems by Augmentation 
The dynamic models for the heat exchanger in Figure 4.25 are given as Eq. (2.4) and 
T T (2.5). In this case, Xl = [4 P ho Twl Tw2] ,X2 = [P Twl] . The largest state vector 
is Xl . Therefore, X =XI , Xi = [4 Tw2 ho]T . And the output is the pressure 
measurement for both subsystems. All these variables are continuous everywhere. 
Following Eq.(3.14), the observers for these two subsystems are designed as follows 
Observer 
Observer 2 
In observer 2, the observer dynamics for the inactive states consist of two parts. 
The first part is the copy of the augmented real system dynamics which are derived from 
the time derivative of the algebraic equations. The second part is the estimation error 
feedback term. The observer gain vector K may have different values for observer 1 and 2. 
4.4.3 The Contraction Condition 
The continuity condition and the particular solution condition are satisfied by the 
observer design in Eq. (4.1 1) and (4.12). The selection of the observer gain vector K has 
to make the contraction condition satisfied for the observers. There is no analytic solution 
of the observer gain for this complicated nonlinear system. Therefore, it is selected by 
trial and error. 
The switched observer system with subsystem Eq.(4.11) and (4.12) is contracting 
if the subsystems are contracting with respect to metrics Mi (x, t) = @ ' (x, t)@ (x, t) 
which are equal at the switching time. The challenging issue is finding a metric that can 
simplify the calculation, or increase the contraction rate. This metric could be time 
varying but has to be continuous at the switching time to guarantee the contraction of the 
whole switched system. 
For observer 1, simulation was performed to check the need of the use of the 
metric. First, the estimated state trajectories are obtained with several sets of observer 
gain for which the Jacobian matrix of the observer dynamics is uniformly negative 
definite. The convergence rate of the estimated two-phase length is always the slowest 
one among all of the estimated states and is much slower than others as shown in Figure 
4.26. For the control of air conditioners, the length of the two-phase section is an 
important variable to regulate, but the length is not directly measurable. Therefore, the 
convergence rate of the observer depends on the estimated two-phase section length. 
Time(s) 
Figure 4.26 Normalized estimated state trajectories 
In the heat exchanger dynamics, the heat transfer rate in the two-phase section is a 
very important variable. It is directly related with the two-phase section length and the 
refrigerant temperature which is a function of the refrigerant pressure. 
Q = ailaDil4 TI)  
From Eq. (4.13), the following relation can be obtained 
6 Q  = ailxD, (T,, - T,, ) 64 + ailxDiL, (ST,, - 6T,, ) 
Therefore, we have 
L 
which corresponds to SZ = 0 6 X  in contraction theory. 
Therefore, 
and the metric M = @*@ 
As shown in Figure 4.27, different convergence rates for the estimated two-phase 
M =  
section length are obtained by using different observer gain sets. For observer gain set Kl, 
the Jacobian matrix is uniformly negative definite. For observer gain set K2, the Jacobian 
2 
dT,l 
- ( 1  ) ( 1  -T I )  L,JP (ailzDi4 3) +I  0 (a i l zDi4 ) -  2dTIl 0 dP 
0 0 1 0 0 
(ailzr!)2 L, T , 1  ) dTI1 (ai,n~ih) - 0 (ai1nD,L,)2 +1 0 dP 
0 0 0 0 1 
- 
matrix is not uniformly negative definite but the generalized Jacobian 
(4.1 7) 
It can be proved that the metric M is a positive definite matrix. This metric can be 
used for the observer with corresponding estimated states. 
af ' af G = -- M + M -- + M is uniformly negative definite with M given in Eq. (4.17). As 
ax ax 
we can see, the estimated two-phase section length (the red dashed line) with observer 
gain K2 is converging to the real length (the blue solid line) and it converges more 
quickly than the green dotted line which is obtained by using observer gain set KI.  
Therefore, a metric is found to increase the convergence rate of the observer. The same 
metric M(x) can be used for all the subsystems in the observer. At the switching time, the 
metric M(x) is continuous because the estimated variables are continuous by the observer 
design. Therefore, a common continuous metric is designed for the observer of the 
switched system. 
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Figure 4.27 Different convergence rates for two-phase section length 
4.4.4 Simulation Results 
Due to the complexity of the varying phase transition scenario, the experiment testing is 
infeasible under available experiment conditions. Therefore, the switched observer design 
for the heat exchanger in Figure 4.25 was evaluated by a simulation experiments in 
MATLAB with parameters fiom the real residential air conditioning system. Subsystem 1 
exists for the first 5 seconds in the heat exchanger. Then the phase combination is 
switched to subsystem 2 and stays for 5 seconds. After that, it is switched back to 
subsystem 1 again. Following this switching sequence, observer 1 and 2 are used for the 
corresponding time period respectively. All the parameters of the system are given to 
reflect the real system properties. 
Figure 4.28 shows the comparison of the real length and the estimated length of 
the two-phase section in the heat exchanger during the whole operating period. It can be 
seen that the estimated value from the observer converges to the real value fiom the 
system. 
Figure 4.28 The real length and estimated length of the two-phase 
Figure 4.29 shows that the estimation error of the two-phase section length goes 
to zero for another switching case. In this case, the switching sequence chatters. The 
phase combination in the heat exchanger switches between subsystem 1 and 2 every 0.25 
seconds. As shown in Figure 4.30, the estimation error approaches to zero continuously. 
Figure 4.29 Estimation error of the switched observer 
Chapter 5 
Nonlinear Observer Applications to 
Lubrication Oil Monitoring and Nonlinear 
Control 
As mentioned in Chapter 1, with the increasing complexity of modem air conditioning 
and refrigeration systems, controlling and optimizing the operation with guaranteed 
performance, stability and reliability becomes a challenging issue. 
Poor lubrication is one of the major causes of compressor failures for residential, 
commercial and automotive HVAC systems. According to the 2001 annual Field Survey 
Report of the Mobile Air Conditioning Society (MACS) Worldwide, more than 50% of 
automotive air conditioning compressor failures are caused by improper lubrication. 
Therefore, monitoring of lubrication is a crucial problem for improving reliability and 
maintainability of air conditioning and refrigeration systems. An oil circulation observer 
for estimating oil concentration and oil amount in refrigerant compressors was presented 
in [29]. The estimation of the distribution of refrigerant and oil in the air conditioning 
system is based on the lengths of phase sections in the evaporator and condenser which 
are not available from sensor measurements. 
In advanced control of air conditioning and refrigeration systems, it is necessary 
to dynamically estimate some immeasurable variables based on available sensor 
measurements. For example, in the nonlinear feedback linearization [27], the heat transfer 
rate of evaporators must be estimated because no direct measurement is available. As 
mentioned in section 4.2.4, the heat transfer rate of evaporators can be derived easily 
based on the estimation of the two-phase length in the evaporator. 
Therefore, in this chapter, we discuss the nonlinear observer applications to 
lubrication oil monitoring problems and the nonlinear control in air conditioning and 
refrigeration systems. 
5.2 Lubrication Oil Monitoring of Refrigerant Compressors 
As mentioned before, compressor failures due to improper lubrication have been one of 
the most critical technical challenges in HVAC systems. Therefore, monitoring of 
lubrication is an important problem for improving reliability and maintainability of 
HVAC systems. 
In general, there are two sources of lubrication failures. One is that the lubricant 
within the compressor is thinned with an excessive amount of liquid refrigerant brought 
to the compressor, and the other is that lubricant does not return to the compressor. For a 
refrigerant compressor, oil lubricating capability will decrease when the oil is mixed with 
a large amount of liquid refrigerant. For example, this may happen when a defrost 
procedure is taken during heating season; since the indoor fan is shutdown and the liquid 
in the evaporator may not be evaporized, a large amount of liquid refrigerant may enter 
the compressor chamber, being mixed with the lubricating oil. To quantify how much 
liquid refrigerant is mixed with the oil in the compressor, an important index to monitor 
is the oil concentration. For reliable operations, the oil concentration needs to be above a 
certain level such that the viscosity of the oiVrefrigerant mixture is large enough to 
guarantee sufficient lubrication for moving parts in the compressor. 
Refrigerant compressors circulate some amount of oil through the system. It is 
essential that the oil be guaranteed to return to the compressor. However, in an evaporator 
in which the superheat temperature is large and the evaporating temperature is low, oil 
viscosity may become high because the liquid refrigerant is vaporized in the superheat 
range. If the vapor velocity is not sufficient to transport the oil, some oil may remain in 
the evaporator. For the suction line, the oil retention may be a problem if refrigerant 
vapor velocity is not sufficient or the refrigerant temperature is low. Particularly, for a 
multi-evaporator-system with a long vertical suction line, the oil cannot be pushed 
upward and return to the compressor if the vapor velocity is not high enough. When a 
significant amount of oil remains in the evaporator-condenser-gas line circuit or the 
accumulator, the oil amount in the compressor is not sufficient to provide reliable 
lubrication. 
The oil concentration and the oil amount within the compressor cannot directly be 
measured at low cost. For the purpose of research and development, a costly viscosity 
sensor can be used for measuring the viscosity of the oillrefiigerant at the bottom of the 
compressor chamber. Given the temperature of the oil, the oil concentration can be 
estimated from the viscosity. The liquid level of oillrefiigerant mixture can be monitored 
through a glass window installed at the side of the compressor. Such a glass window is 
used for maintenance, but a sensor is needed for automatically reading the liquid level. 
Installation of these sensors entails a major design change to the compressor chamber, 
which is difficult to justify for reliability and safety reasons as well as for cost 
competitiveness. 
In this section, we discuss the development of an alternative to direct sensor 
measurements of oil concentration and oil amount. Only the standard sensors already 
contained in an HVAC system, e.g., evaporator and condenser temperature and pressure 
sensors, are used for estimating the oil concentration and oil amount. 
5.2.1 Sensor-less Oil Circulation Observer 
Air conditioning and refrigeration systems are sealed systems. It is reasonable to assume 
that the total oil amount and the refrigerant charged to the system are unchanged over the 
operation. The oil amount and refkigerant amount inside the compressor can be estimated 
by simply subtracting those outside the compressor from the known total amounts. The 
amount of oil retained outside the compressor, e.g. in the condenser, evaporator, and 
pipelines, is dependent upon the dynamic states of those components. The detailed 
retained oil models relating the dynamic states of the evaporator, condenser, and other 
components to the retained oil amount in them can be found in [29]. 
The dynamic states of those components are estimated from the standard sensors 
by using dynamic state observers discussed in Chapter 4. Based on a dynamic model and 
temperature measurements, nonlinear state observers were constructed for estimating 
variables needed for estimating the retained oil amount as well as the refrigerant amount 
in those components. This leads to the monitoring of the overall oil distribution and 
refrigerant distribution among the major components. Not only can the oil amount and 
the oil concentration within the compressor be estimated, but also the distribution of the 
oil and refrigerant over the individual components. This will give us usefid insight on the 
oil circulation and refrigeration state, so that an effective strategy can be developed to 
prevent the compressor from lubrication failures. 
The overall structure of the proposed oil observer is shown in Figure 5.1. The 
evaporator oil model estimates oil mass and refrigerant mass in the evaporator. The two- 
phase length of evaporator L,, is obtained from the evaporator state observer described in 
Chapter 4. The condenser oil model estimates the oil mass and the refrigerant mass in the 
condenser. The two-phase length of the condenser L, and the subcool section length L, 
are obtained from the condenser state observer. This is a dynamic state observer similar 
to the evaporator state observer, taking the condensing temperature Tc for feedback, and 
producing the two-phase length Lc2 and the subcool section length Lc3 as output. 
Evaporator Evaporator 
Observer Oil Model 
Observer Oil Model 
Measurement M Z ~  
+b Compressor . Gas Line 
Oil Model M 7'- Oil Estimator 
Accumulator 
Glass Window Accumulator 1 or Observer I I Oil Model 1 ~ 7  
Figure 5.1 Oil observer structure 
The gas line, liquid line, and accumulator oil models estimate the oil mass and the 
refrigerant mass retained in them respectively. The accumulator oil model needs 
information of the liquid volume in the accumulator that is measured through the 
accumulator glass window. From the estimated oil mass in theseindividual components, 
we can obtain the oil mass in the compressor since the total oil mass in the machine is 
assumed to be constant. 
M;;!& M~~~~~ oil -Mciroil -M accuail (5.1) 
where M:yp represents an estimate of the oil mass in the compressor, oil is the total 
oil mass charged into the machine, ~ ' " o i /  = M evap oil + M ‘~2nd oil + M gas -line oil + M liquid -line oil 
is the total oil retention in refrigerant circuit consisting of the condenser ( M c o n d O , l  ), the 
evaporator ( M oil ), the gas line ( M gas -line oil ) and the liquid line ( M " ~ " ' ~  -line oil ). M oil 
is the oil retention in the accumulator. 
Likewise, we can obtain the refrigerant mass in the compressor from the 
estimated refrigerant mass in the individual component since the total refrigerant mass in 
the machine is constant. 
A 
t o t a l  - M;:; - M ~ C C U  
In order to estimate the oil concentration in the compressor, we need to estimate 
the liquid refrigerant mass in the compressor. With the estimation of M~/""P from Eq. 
(5.2), the liquid refrigerant mass M 
 id is equal to 
- M ' o m ~  M 'Om' ref , L i q u i d  - ref - pg ( v 'Om' - v 'Om' ~ i q u i d  ) (5.3) 
where the second term of Eq.(5.3) is the vapor refigerant mass in the compressor, p is 
the density of vapor refrigerant in the compressor, VComp is the total compressor volume 
where the refrigerant is present, V c 0 m P ~ 4 u , d  is the liquid volume of the oil I liquid 
refrigerant mixture and can be determined by the measurement of liquid level at the glass 
window of the compressor. 
Based on the estimated oil mass from Eq.(5.1) and the estimated liquid refrigerant 
mass from Eq.(5.3), the estimated oil concentration in the compressor is given by 
M camp oil 
COmP 
o i l  = 
M ' o ~ P O ~ ~  + M ref , l i q u i d  
The estimation error for oil concentration is given by 
where  oil is the experimental oil concentration that is derived from measurement of 
viscosity by the viscosity sensor installed at the bottom of the compressor. 
COmP sensor 
oil - W 
senso'oil 
Oil 
5.2.2Experimental Testing 
* 100% 
The same residential air conditioner as the one used in Chapter 4 was used for 
experiments. The refrigerant used in this machine is R410A. The lubricating oil is 
synthetic oil, and its viscosity is 48.5 mPas at 40°C. A viscosity sensor manufactured by 
Cambridge Applied Systems was installed into the compression chamber to measure the 
oil concentration for the purpose of comparison with the estimate of the oil observer. All 
sensors (temperature, pressure, two mass flow meters, and the viscosity sensor) were 
connected to a data acquisition board and then connected to a PC. 
Experimental testing has been performed for both steady states and dynamic 
transition. The outdoor temperature, the compressor speed, and the expansion valve 
opening were varied to obtain data for various conditions. Among many data sets, we will 
discuss in detail the data in which the outdoor temperature was varied from 35°C to 27OC. 
After the start up of the testing machine and running for more than 30 minutes, 
the system entered near steady state. The operation conditions were: 
1) Outdoor temperature: 3 S°C 
2) Indoor temperature: 20°C 
3) Compressor Speed: 70Hz 
4) Expansion Valve: 30 percent of total opening 
The oil observer is evaluated by comparing its estimate of the oil concentration 
against the direct measurement using the viscosity sensor inserted into the compressor 
chamber. First, the steady state data are considered. 
Measurement at the initial condition: 
1) Evaporating temperature: 7.8OC 
2) Evaporating pressure: 0.8MPa 
3) Condensing temperature: 48.2OC 
4) Condensing pressure: 2.77 MPa 
5) Subcool: 6°C 
6) Mass Flow Rate: 0.0 1 85 kg/s 
The estimation of the oil concentration and oil mass in the compressor is 
compared with the actual value derived from the viscosity sensor measurements. The 
estimated oil concentration within the compressor based on the oil observer is 68.8%. 
The oil concentration in the compressor from the viscosity sensor (actual) is 78%. 
Therefore, the estimation error of the oil concentration in the compressor 
78%-68.8% is =11.7% . In addition, the estimated oil mass in the compressor based on the 
78% 
oil observer is 251.8g. The actual oil mass in the compressor is 227.1g. The estimation 
error of this is 10.9%. 
Then, the outdoor temperature was changed from 35°C to 27OC, as shown in 
Figure 5.2. The air conditioning system was moved from one steady state to another 
steady state. The evaporating temperature and condensing temperature are also shown in 
Figure 5.2. 
I I I I I 1 1 I I 
Condensing Temperature 
- J . - ,  - .  
Outdtuu Air TemperaZure 
I -  fl 
I I I I I I I I I 0 
0 2 4 6 8 10 12 14 16 18 20 
Tme (minute) 
Figure5 2 Temperature profiles 
Figure 5.3 shows the discharge pressure and the suction pressure. The discharge pressure 
was changed from 2.8MPa to 2.4MPa 
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Figure 5.3Discharge pressure and suction pressure profiles 
The mass flow rate and the viscosity of the lubricating oil in the compressor are 
shown in Figure 5.4 and Figure 5.5 respectively. The actual oil concentration was 
calibmted &om the meas~~ement of viscosity and oil temperature. 
0.0171 I I I I I I I I I 
0 2 4 6 8 10 12 14 16 18 20 
Time (minute) 
Figure 5.4 Mass flow rate profile 
Figures 5.6 and 5.7 show time profiles of the estimated oil mass and oil 
concentration for the first 600s when the outdoor temperature was varied h r n  35°C to 
Compressor oil concentration estimation m r  
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Figure5.6 Estimation error of the oil observer 
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Figure 5.7 Experimental and estimated oil mass in compressor 
The proposed oil observer not only provides the estimate of the oil 
masdconcentmtion within the compressor but also provides the insight as to how the oil 
and the refrigerant are distributed outside the compressor. Figure 5.8 shows the 
refiigemmt mass inventory in both the condenser and the evaporator. During this transient 
process, the refigerant mass in the condenser was changed h m  42.2% of total 
refrigerant mass to 47%, as shown in the figure. 
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Figure 5.8 Refrigerant mass inventory in the condenser and the evaporator 
Figure 5.9 shows the two-phase section lengths of the evaporator and the condenser as 
well as the sub-cooled section length of the condenser. All these are not directly 
measurable, but are estimated by the mnlhmr state observers. The results shown in 
Figures 5.6-5.8 are based on the estimation of two-phase section lengths and subcool 
section length by these state observers. 
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In summary, the estimated distribution of the oil mass in the individual components at 
time -00s is shown in Table 1. 
Table 1 : Oil Mass in the Components 
10- A 
The above comparison is based on the assumption that the oil cirmlation rate is 
1% and the refrigerant concentration in the accumulator is 80%. The estimation accuracy 
depends on the assumed oil circulation rate and the accumulator refkigertmt content ratio. 
- 
0 I I I I I 
0 100 200 300 400 500 600 
Time (s) 
Therefore, it is necessary for evaluating the estimation error sensitivity to these assumed 
values. Table 2 shows the comparison results when the oil circulation rate Coil and the 
refrigerant concentration waCmref in the accumulator have different values. Although the 
exact values of these variables are not available, their upper and lower bounds are known: 
0.5% 5 Coil 5 2% and 70% 5 wacad 1 90%. 
Table 2: Estimation Errors for different values of oil circulation rate and refiigerant 
concentration in the accumulator 
For all the combinations of the oil circulation rate and the refrigerant 
concentration in the accumulator, the estimation error of oil mass M ~ ~ ~ ~ ~ , I  is less than 
17% and that of the oil concentration wcomP0,~ is less than 7.2%. 
The above validation results for steady state and short transient processes are 
encouraging and satisfactory for protecting the compressor. In an attempt to evaluate the 
usefulness of the oil observer, the method has been applied to start-up processes. Since 
the reliability of compressors during start-up processes is very important, estimation error 
was evaluated for start-up data, too. 
Before starting up the compressor, there is a significant amount of two-phase 
liquid and vapor refrigerant mixture stay in the evaporator. For the first 30 to 50 seconds, 
the entire liquid initially stored in the evaporator is quickly pumped into the accumulator. 
After that, two-phase refrigerant flows into the evaporator through the expansion valve, 
and the liquid dry-out point moves from the inlet of the evaporator to the outlet of 
Oil Circulation 
Rate Coil 
1% 
1% 
1% 
0.5% 
2% 
Refrigerant concentration 
in accumulator w ref 
80% 
70% 
90% 
80% 
80% 
Estimation 
error of Oil 
mass M cOmpo,~ 
10.3% 
4.8% 
16% 
17% 
1.1% 
Estimation error of 
Oil concentration w 'OmP 
1.5% 
7.2% 
4.7% 
1.6% 
6.4% 
evaporator. Finally, it settles down to a regular position depending on operation 
conditions. 
During the startup of the compressor, generally more oil flows into the circuit and 
therehre we need to assume varying oil circulation rate for the start up process. The oil 
circulation rate used for the oil observer is shown in Figure 5.10. 
Figure 5.10 Oil circulation rate profile 
Experimental .comparison results for the start-up process with the compressor 
speed increased fhm 0 to 8OHz and the expansion valve opening h m  0 to 15 steps are 
shown in Figures 5.1 1-5.12 
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Figure 5.14 Liquid refiigmnt mass in compressor (g) 
Figure 5.11 demonstrates that the comparison error for the oil concentration is 
less than 10% after the initial transition. The comparison error for the oil mass is also less 
than 10% for most of time as shown in Figure 5.12. To further improve the accuracy of 
the oil observer, it is important to further investigate the dynamic behavior of the oil 
circulation during the start up processes. Since the heat exchanger state observer needs 
certain time to converge after starting with the initial values, it contributes to the error 
during the initial several ten seconds. 
This research of oil circulation observer has direct applications to residential and 
commercial air conditioning and refiigmtion systems for safe and reliable operations of 
the system. 
5.3Nonlinear Feedback Linearization Control with Nonlinear 
Observers 
Feedback linearization nonlinear control was recently proposed to control the evaporating 
temperature [27]. Compared to a feedback PI control (currently used in air conditioning 
and refrigeration systems) or a self-tuning control, the new nonlinear control method has 
several advantages. First, for a wide range operation, the PI control gains in this nonlinear 
control do not need to be tuned adaptively. The feedback linearization (nonlinear 
compensation) provides the adaptation for big change of operation conditions. However 
for a feedback PI controller or a self-tuning control, it is necessary to tune the PI gains for 
different operating conditions to guarantee stability and performance. Second, the new 
nonlinear control can adapt to the turn on/off of indoor units accurately and quickly. This 
improvement is especially important for multi-unit systems. For example, if one indoor 
unit is turned off from running, the feedback linearization term can be changed 
immediately and so can the control input. Therefore, with the nonlinear compensation, 
The PI gains in the new nonlinear controller can be much smaller. Last, since the 
selection of PI control gains in the new nonlinear control is basically the same as 
designing a PI control for a known linear system, the design procedure is much easier and 
more straightforward. It can save much time to design control for new products. 
The feedback nonlinear control method is summarized here. As shown in section 
4.2.1, the vapor balance equation for the evaporator is 
where k = V dpg(T,) . The nonlinear terrn involved in this equation is the heat transfer 
dT, 
rate q 
Assume that the outlet vapor mass flow rate mod is the control input and we want 
to control the evaporating temperature to a desired value T,,, . We design the control as 
follows 
9 k  koUt = ri2,x0 +-+-(T, -T,,,)+ kk, J(T, -~,,,)dt 4, Td 
By inserting Eq. (5.8) into Eq. (5.6), the controlled evaporating temperature dynamics 
can be described by the following equation, 
where td and k, are design parameters representing how fast the evaporating temperature 
reaches the desired set-point with guaranteed zero steady state error. From Equation (5.9) 
we can see that the closed loop dynamics is linear and we can control the evaporating 
temperature to desired value by just selecting parameters sd and k, . 
In actual operation, the control input to control the evaporating temperature is 
compressor speed. Therefore we need to relate the mass flow rate mou, to the compressor 
speed w . The compressor mass flow rate is dependent on compressor speed, the low 
pressure P, and high pressure P, , and can be expressed by 
where g(P,, P,) can be identified for a given compressor. 
A schematic diagram of the new nonlinear control is shown in Figure 5.15. 
Figure 5.15 A schematic diagram of the nonlinear control with feedback linearization 
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In Figure 5.1 5, the feedback linearization term needs to be estimated on-line 
based on measured sensor data by using nonlinear observer. With the nonlinear observer 
design discussed in Chapter 4, an integrated control scheme is presented to combine the 
nonlinear controller and the observer. Figure 5.16 shows the block diagram of the 
integration of the nonlinear controller and the observer. 
I 1 Controller I I 
Figures. 16 Block Diagram of the integration of the Nonlinear Controller and the Observer 
Some simulation results were conducted under the following operation condition: 
Inlet vapor quality X, =0.2; 
Setpoint of evaporating temperature T,,. = 10" C ; 
Initial evaporating temperature T, (t = 0) = 14" C ; 
Room air temperature T, = 27" C 
The input of inlet mass flow rate is shown in Figure 5.17. 
Figure 5.1 7 Input of the inlet mass flow rate 
Figure 5.18 shows the comparison results between the conventional PI control and 
integrated nonlinear control/observer. The same PI gains are used in both PI control and 
PI part of the nonlinear control. The simulation results plotted in Figure 5.18 show that 
the performance of the nonlinear control is better than the conventional PI control. 
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Figure 5.1 8 Comparison of the response of evaporating temperature 
Chapter 6 
Conclusions 
The main results and contributions of this thesis are summarized as follows: 
Formulation of a switched system model for heat exchangers with varying phase 
transitions and development of an associated switched observer 
A switched system model is formulated for the heat exchangers with varying phase 
transitions. A switched nonlinear observer design for a class of varying-order switched 
systems is developed for the first time. The challenging issue of observed discontinuity 
for varying order switched systems is solved simply with the augmentation approach 
using actual system dynamics. The convergence conditions of the switched observer are 
proved using contraction theory. The switched observer has been implemented to 
estimate the state variables of heat exchangers with varying refrigerant phase transactions, 
which is a switched system consisting of varying-order subsystems. The switched 
observer design of the heat exchanger is validated by numerical simulations. This 
switched observer design is a straightforward and practical method which can be used 
widely in the control and monitoring of thermo-fluid systems. 
Development of a nonlinear observer for two-phase heat exchangers with invariant phase 
transition and validation of the observer design by experimental testing 
A model-based nonlinear observer has been presented for estimating dynamic variables 
of heat exchangers with invariant phase transition such as lengths of different phase 
sections. The convergence of the observer is proved using contraction theory. A 
coordinate transformation metric is designed to increase the convergence rate of the 
observer. The experiment data fiom the tests of a residential air conditioner is 
investigated. The length of the two-phase section in the evaporator is obtained from the 
experiment data for the first time, which is consistent with the estimation fiom the 
observer. Therefore, the accuracy and convergence of the nonlinear observer of the heat 
exchanger are validated. This observer of heat exchangers is essential for nonlinear 
feedback linearization control and lubrication oil monitoring for air conditioning and 
refrigeration systems. 
Implementation of the nonlinear observer to lubrication oil monitoring for air 
conditioning systems with experimental testing 
The nonlinear observers of heat exchangers with invariant phase transition were applied 
to estimate refrigerant and lubrication oil distribution in air conditioning systems. 
Combining the oil charge models with the heat exchanger state observers yields a sensor- 
less oil observer which estimates both oil concentration and oil amount within the 
compressor chamber based on the conservation of the total refrigerant charge and the oil 
charge in the whole system. The oil observer was implemented on a residential air 
conditioning system, and experiments reveal that the error of estimating oil concentration 
and oil amount is less than 12 % for steady-state and slowly changing processes. Finally 
the method was extended to start-up processes. Experiments confirm that the same order 
of estimation accuracy is obtained using an assumed pattern of oil circulation rate. This 
research has a direct impact on the safety and reliability of residential and commercial air 
conditioning and refrigeration systems. 
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Nomenclature 
Subscripts 
1 
C 
comp 
dl 
e 
in 
oil 
out 
ref 
g 
1 
2 
state vector 
system input or velocity 
h c t i o n  
area or set 
expansion valve opening 
diameter 
refrigerant enthalpy or output function 
length 
mass 
mass flow rate 
pressure 
temperature 
time 
volume 
vapor quality 
compressor speed 
mean void fraction 
density 
heat transfer coefficient 
ith subsystem 
condenser 
compressor 
discharge line 
evaporator 
inlet 
lubricant oil 
outlet 
refrigerant 
gas 
two-phase node 
vapor phase node 
Superscript 
L complement 
T transpose 
- 1 inverse 
Appendix A 

where @, (t,to) is referred to as the differential state transition matrix. The generalized 
differential state transition matrix satisfies 6z(t) = @, (t, to) 62, and is given by: 
@, (t,tO) = @(t)@, (t,tO)O;l 
where Oo = O (x(to ), to) and O(t) = O (x(t), t ) . 
If there exist a metric M(x, t) = OT (x, t)O(x,t) and 7 < 0 such that the generalized 
differential state transition matrix @, (t, to) satisfies II@, (t, to)ll 2 eV(t-tO), then 
v(t-to ) ll'z(t)ll = ll@F ( t 9 t O )  "0 11 ll@F (t. tO)l l  l"0 11 ' l"0 11 . 
Therefore, exponential convergence of IIdzll to zero is guaranteed. This implies that all 
trajectories of the system (B.l) converge exponentially to a single trajectory. The system 
is called contracting. It is also true that if the system (B.l) is contracting, there exist a 
metric M(x, t) = OT (x, t)O(x, t) and q < 0 such that I/@, (t, to)ll 5 eV('-") .
For a switched system consists o fp  subsystems: 
x(t) = f;(x,t), 1 2 i 5 p (B.2) 
we assume individual systems are contracting with respect to metrics 
Mi (x, t) = OiT (x, t)Oi (x, t) which are equal at the switching times. This means 
that Oi (ti) = Oi+, (ti), Vi  , where ti is the ith switching time. Let @,; (ti, ti-, ) be the transition 
matrix for the ith subsystem and active during the period At, = ti -ti-, . Then there exist 
< 0 such that/lm4 (t,to)ll 5 eqAtsi . The generalized transition matrix ism5 . The overall 
transition matrix can be written as a composition of subsystems' transition matrices: 
P 
where Il@, (t)-' 11 / I@,  (to)ll is bounded and n eqAtsi will vanish exponentially. Therefore, the 
i=l 
switched system (B.2) is contracting. 
